Objective: To evaluate the physiological effects of electrospun tropoelastin scaffolds as therapeutic adipose-derived stem cell (ADSC) delivery vehicles for the treatment of full-thickness dermal wounds. Approach: Using the process of electrospinning, several prototype microfiber scaffolds were created with tropoelastin. Initial testing of scaffold biocompatibility was performed in vitro through ADSC culture, followed by scanning electron microscopy (SEM) for assessment of ADSC attachment, morphology, and new extracellular matrix (ECM) deposition. The wound healing effects of ADSC-seeded scaffolds were then evaluated in a murine dermal excisional wound model.
INTRODUCTION
The optimal treatment for fullthickness wounds is to approximate the wound edges as soon as possible, allowing for healing via first intention. 1 In some cases, however, approximation of the wound borders is not feasible. Autologous skin grafting is the gold standard treatment in these scenarios 2 but has its own complications. A new wound must be created in the process of harvesting the autograft, increasing the risk of infection, necrosis, pathological scarring, contraction, and permanent deformity. 1 Furthermore, in patients with severe burns that cover most of the body, autologous skin grafting may not be possible due to an overall scarcity of donor sites. 2 The few other options include temporary cadaver allografts and xenografts or the application of expensive and sometimes unreliable dermal substitutes, such as Integra (Integra Life Sciences, Plainsboro, NJ) and Dermagraft (Shire, San Diego, CA) [2] [3] Simply allowing the wound to heal by second intention may take months or even years 1 and can lead to disfigurement.
Suboptimal outcomes such as these highlight the need for tissue-engineered skin and/or wound dressings with regenerative properties. The use of adipose-derived stem cells (ADSCs) has recently shown considerable potential for accelerating wound closure. Adipose tissue has been shown to be a significantly more concentrated source of adult stem cells than other tissues, such as bone marrow, circulating blood, or other target organs. 4 The harvesting of ADSCs through lipoaspirate is an easier, less invasive, and a much less painful method than isolation of bone marrow stem cells. [4] [5] The relative ease and robustness of ADSC harvest has notable clinical implications, as it may ultimately decrease the in vitro culture time required for generation of a therapeutic cell dose.
ADSCs have been shown to accelerate healing through epithelialization, neovascularization, and granulation tissue deposition. [6] [7] One established mechanism for this accelerated wound healing is the direct differentiation of ADSCs into endothelial cells, 4 perivascular cells, 6 and fibroblasts. 8 ADSCs also contribute to wound healing via expression of several soluble factors, most notably hepatocyte growth factor, 8 vascular endothelial growth factor, 8 fibroblast growth factor-b, 4, 6, 7, 9 transforming growth factor-b, 9 and keratinocyte growth factor. 8, 9 ADSCs also exhibit robust expression of extracellular matrix (ECM) proteins, such as type 1 collagen and fibronectin, thus strengthening the essential acellular components of a wound site. 9 In order for the regenerative potential of ADSCs to be fully realized, an optimal method for delivering and maintaining these cells in the wound environment is required. ADSC delivery via local injection has indeed produced accelerated wound healing in animal models 6, 8 however, the effectiveness of this technique may be diminished by poor retainment of the therapeutic cells in the wound bed. 10 Considering this, a highly promising strategy for ADSC delivery to dermal wounds is the use of a woven membrane or scaffold, upon and within which the cells are cultivated before topical administration. These scaffolds may anchor the therapeutic cell line in the vicinity of the wound, providing maximum therapeutic effect. Such scaffolds can also be tailored to fit within the wound or skin defect, 11 further serving a protective function and providing a large exposure area to the therapeutic cell line. Perhaps most importantly, the use of biomaterial scaffolds far surpasses their mere mechanical use as a support, because cell-scaffold interactions significantly and positively affect the physiology of ADSCs, possibly by mimicking the native ECM. 7 In the present study, we synthesized native-like scaffolds by electrospinning the human ECM protein tropoelastin. This protein is the soluble precursor to elastin, a major component of healthy skin that is notably absent in scar tissue. Tropoelastin also functions as a matrikine in a wound environment, releasing peptides that are chemotactic for monocytes, macrophages, and neutrophils, 12 as well as endothelial cells, 13 keratinocytes, 14 and fibroblasts. 13 Such elastic peptides have also been shown to induce the proliferation of vascular smooth muscular cells 15 and dermal fibroblasts. 16 We hypothesized that a scaffold constructed from electrospun human tropoelastin could be populated with ADSCs, and that these cells would proliferate upon and within the scaffold structure and induce a healing response superior to that of control therapy. The growing population of cells would modify and condition the structure by synthesizing and secreting their own ECM molecules onto the matrix, creating a unique ''living dressing.'' This dressing could then be introduced into a wound to protect the site, hold the ADSCs in place, and provide mechanical and biochemical properties that would accelerate closure and healing of a wound. The resulting scar may have mechanical properties far superior to those of a naturally healed scar.
CLINICAL PROBLEM ADDRESSED
The lack of expedient wound closure and poor aesthetic outcomes are significant problems in the clinical setting. A patient with chronic, nonhealing wounds that may persist for months to years, such as nonhealing chronic ulcers, exemplifies these issues. Additionally, if healing does occur, healed tissue can be characterized by extensive scarring and contraction, which inhibits normal movement and renders the healed integument aesthetically unappealing.
MATERIALS AND METHODS

Electrospinning procedure
Recombinant human tropoelastin (rhTE) was a gift from Protein Genomics, Inc. (Sedona, AZ). 1,1,1,3,3,3-Hexafluoro-2-propanol (hexafluoroisopropanol, or HFIP) was obtained from Oakwood Products (West Columbia, SC). For each trial, 100 mg of lyophilized tropoelastin was dissolved into 1 mL of HFIP. The protein solution was loaded into the source solution injector via aspiration with a 1.0 mL syringe, which was then loaded onto the syringe pump set to a 2.5 mL/h ejection rate. Electrospinning was initiated by activation of the power supply, set to 18-22 kV. The distance from needle to the grounded target was adjusted as needed to facilitate an even spray pattern; typically 8 cm.
Electrospun membranes were crosslinked with vapor-phase glutaraldehyde (GA) for 24 hours (prepared as a 25% glutaraldehyde stock aqueous solution). Membranes were subsequently rinsed with deionized water (Millipore Direct-Q3 purification system, Millipore Corp., Billerica, MA) to remove residual glutaraldehyde.
Sterilization of electrospun membranes
Before in vitro biocompatibility experiments were conducted, electrospun scaffolds were disinfected on both sides through irradiation with a 15 W, germicidal ultraviolet (UV) C lamp (Spectroline X-series germicidal lamp, Spectronics Corporation, Westbury, NY). 18 As an added measure of microbial control before the in vivo wound-healing experiments, electrospun scaffolds were soaked in 70% ethanol (aqueous) and dried before UVC exposure. 19 
Seeding ADSCs onto electrospun membranes
Cryopreserved ADSCs at passage 1 were provided by American CryoStem Corporation (Eatontown, NJ). Donor cells for the current study were donated from a consenting 36-year-old female patient. Targeting deep subcutaneous deposits, lipoasparate was collected from the left hip. Cells were thawed, transferred to 75 cm 2 tissue culture plates, and incubated (37°C, 5% CO 2 , 95% humidity) in 12 mL of MesenCult Ò mesenchymal stem cell culture media (STEMCELL Technologies, Inc., Vancouver, Canada), supplemented with MesenCult Ò mesenchymal stem cell stimulatory supplement (10% by volume). Culture used for the murine excisional wound-healing study was supplemented with 50 lg/mL gentamicin, as an extra measure of microbial control. Cell cultures were passaged at 80-90% confluence. Between passage of cells, a half volume of spent medium was exchanged with fresh medium every 2 days.
Biocompatibility studies used both crosslinked and un-crosslinked samples of electrospun rhTE membranes. After disinfection and denucleation, 4-mm membrane samples were placed in separate wells of a sterile, 96-well tissue culture plate. Each well was seeded with 27 lL of 2.26 · 10 6 cells/mL ADSC suspension (passage 4), providing a final seeding density of 215 cells/mm 2 . To each well, 100 lL of media were added, and an additional 100 lL of fresh media was added every 2 days. ADSC-seeded membranes were incubated for a total of 6 days before being transferred to 4% paraformaldehyde for scanning electron microscopy (SEM) preparation. After 24 hours of paraformaldehyde fixation, samples were rinsed and stored in 70% ethanol (aqueous) before SEM processing.
In vivo excisional wound-healing experiments used 8-mm samples of disinfected, denucleated, and crosslinked membranes transferred to a 24-well tissue culture plate and seeded with 175 lL of 7.56 · 10 5 cell/mL of ADSC suspension (passage 4), providing a final seeding density of 747 cells/mm 2 . Samples were incubated for approximately 20 hours (37°C, 5% CO 2 , 95% humidity).
Surgical procedure and engraftment of ADSC-seeded scaffolds
Four purpose-bred, female, severe combined immunodeficient (SCID) hairless congenic mice (strain code 488, Charles River Laboratories International, Inc., Wilmington, MA) were used for the in vivo studies. All procedures were reviewed and approved by the Institutional Animal Care and Use Committee of Northern Arizona University (protocol number 12-006). Mice were anesthetized via inhalation of isoflurane to effect. For induction, mice were placed in a chamber receiving a 1-2 L/ min flow of oxygen with 2-3% isoflurane. Appropriate depth of anesthesia was monitored by absence of response to toe pinch stimuli. Each animal received one intramuscular injection of buprenorphine (3 lg in 0.5 mL sterile saline) for immediate postoperative pain control. Animals were then placed on the sterile surgical field in ventral recumbency atop warming pads and connected to a nose-cone that delivered a 0.5-1 L/min flow of oxygen with 0.5-1.5% isoflurane for maintenance anesthesia.
The mice were randomly assigned into treatment and control groups. One mouse was used for creation of control group wound sites, and three mice were used for treatment group wound sites. Before creation of wound sites, the dorsum was scrubbed with betadine solution and a circular impression was created at each wound site using a sterile, 6-mm biopsy punch with a gentle rotation motion. 19 The center of each impression was grasped and elevated with sterile rat-tooth forceps, and sharp excision of the integument at the circular impression was performed using sterile, curved Castroviejo scissors. Wounds were created in animals *10 and *20 mm caudally from the base of the neck and *7 mm laterally from the spine. Wounds were gently rinsed with sterile saline before application of treatment or control Each of the six treatment group wound sites received an ADSC-seeded electrospun tropoelastin membrane that was then covered by a small square of petrolatum gauze and secured with Tegaderm, in like manner to control group wound sites.
Perioperative care of experimental animals
All mice were housed in individually ventilated caging with high-efficiency particulate arresting filtration at cage level. Cages were thoroughly sanitized, and bedding materials were autoclaved before use. Mice were housed individually. Food was sterilized via irradiation, and drinking water was supplemented with sulfamethoxazole/trimethoprim calculated to provide a dosage of 95 mg/kg per day. Welfare checks were performed at least twice daily, and postoperative analgesics were administered as needed.
Standard histology
At postoperative day 6, specimens of each wound site were removed immediately post mortem with 10-mm biopsy punches and placed into 2% paraformaldehyde for 24-h fixation. Specimens were subsequently dried and paraffin embedded. Sectioning of specimens was performed at a thickness of 7 lm, followed by hematoxylin-eosin staining.
Immunohistochemical staining
Paraffin-embedded blocks of each specimen were reacted with a polyclonal antibody for anti-von Willebrand factor for identification of microvessels (anti-von Willebrand antibody ab6994, Abcam, Cambridge, MA). Slides were then digitally scanned for microscopic assessments using an Aperio Scanscope CS scanner (Leica Biosystems, Vista, CA).
Image capture and analysis
Culture sample images were captured using an Olympus model CK2 inverted phase-contrast light microscope (Olympus America Inc., Melville, NY). Digital images of postoperative day 0 and 6 wounds were analyzed using ImageJ software (ImageJ, National Institutes of Health, Bethesda, MD). 7, 18 The edges of each wound, defined by the perimeter of grossly apparent re-epithelialization, were traced manually. 19 Wound area was calculated using the area analysis software. The software was recalibrated for each digital image using the metric ruler in the image backdrop as a reference scale. The following was used to calculate percent wound closure: 18 Initial Wound Area À Final Wound Area Initial Wound Area · 100%
Digital histology images were analyzed for reepithelialization with Aperio ImageScope software (Leica Biosystems, Vista, CA).
Statistical analysis
Analyses were performed using JMP Pro-10 statistical computation software (SAS Institute Inc., Cary, NC). Statistically significant differences were determined by a Student's t-test. Statistical significance was determined by p £ 0.05. Data are presented as means -standard error.
RESULTS
Images of naked scaffolds
Scanning electron micrographs of the electrospun tropoelastin membranes revealed the characteristic open weave pattern of protein fibers with diameters in the submicron range (Fig. 1 ). In agreement with prior studies, 20, 21 we observed changes in final scaffold porosity when using different protein solution ejection rates during electrospinning.
Gross observations and microscopic images of ADSC-seeded scaffolds
There was no appreciable disintegration of the non-crosslinked tropoelastin membranes observed over the 6-day incubation phase in aqueous cell culture media. Scanning electron micrographs of ADSC-seeded electrospun tropoelastin (crosslinked and non-crosslinked) revealed exceptional biocompatibility of these materials. This is demonstrated by the flattened morphology of the ADSCs, 4 obvious conformation to substrate topography, and their notable deposition of a new ECM (Fig. 2) . [22] [23] [24] [25] These results demonstrate that electrospun rhTE (noncrosslinked) and glutaraldehyde (crosslinked) are noncytotoxic and may be suitable cell carriers for therapeutic ADSC administration.
In vivo wound healing
Gross measurements. The physiological response of ADSC-seeded electrospun tropoelastin membranes were studied in a murine excisional wound model and compared to treatment with sterile petrolatum gauze and Tegaderm as a control. Digital photographs of the wound sites were taken directly after wound creation (day 0) and immediately after euthanization on postoperative day 6. The surface area of each wound was analyzed using ImageJ software (Fig. 3A) . Wounds treated with rhTE plus ADSC displayed significantly greater wound closure than controls ( p < 0.02; Fig. 3B, C) . The average percent wound closure for control and rhTE + ADSC groups were 74.5 -13.7% and 93.8 -9.4%, respectively (Fig. 3D) .
Histologic measurements. Specimens of each wound site were sectioned, mounted, and stained. Digital histology images of each wound site were analyzed for epithelial thickness. Mean thickness of re-epithelialized tissue for control and rhTE + ADSC-treated wound sites were 27.7 -7.8 lm and 51.9 -11.27 lm, respectively (Fig. 4) . Thus, wounds treated with rhTE + ADSC displayed significantly greater epithelial thickness than controls ( p = 0.001; Figs. 4 and 5) . This is evident from the immunohistochemistry where minimal new epithelium can be seen in control wound sites compared to rhTE + ADSC-treated wound sites (Fig. 5, brackets) . In rhTE + ADSC-treated wound sites, within the newly present epithelium, hallmark stratum layers of the mouse epidermis are present. Specifically, a new stratum corneum layer is present (Fig. 5, green arrows) .
DISCUSSION
Current clinical treatments for full-thickness dermal trauma, such as lacerations, avulsions, third-and fourth-degree burns, and tumor excisions, are far from ideal. Healed tissue is typically marred by extensive scarring and contraction, inhibiting normal movement and rendering the healed integument aesthetically unappealing. Open wounds may persist for years in diabetic patients as nonhealing ulcers. Although elastin and elastinderived peptides have demonstrated promising mechanical and biochemical attributes for use as wound dressings, currently available dermal substitutes lack this vital integumentary protein. Human adipose-derived stem cells (hADSCs) have shown considerable promise in the treatment of dermal wounds, but no optimal delivery device has yet to be identified. Considering that a stem cell's differentiation and cytokine expression is largely mediated by the mechanical and biochemical properties of its immediate environment, we hypothesize that an elastin-based scaffold may be a superior delivery vehicle for therapeutic hADSCs. It is noteworthy that wound sites treated with ADSCseeded electrospun rhTE scaffolds displayed significantly faster wound closure than controls. These results were confirmed by histologic analysis, and the thickness of new epithelium in ADSC-treated wounds was significantly greater than those of control group wounds.
Microvessel density analysis demonstrated significantly higher values in the control group compared to the treatment group (data not shown). As the role of angiogenesis in wound healing is temporary and angioregression represents a later stage of wound repair, 26 it is possible that the lower microvessel densities observed in the treatment group correspond to more rapid progression through the phases of normal wound healing. This would need to be explored with future studies and additional time points, however.
It is becoming increasingly apparent that the mechanical characteristics of a biomaterial are critical factors to consider for tissue engineering and wound-healing applications. The majority of currently available dermal substitutes are collagen-based scaffolds, which are hampered by a deficit in elasticity as well as pronounced scaffold contraction and scar formation in vivo. 3, 20 Recent experiments in a collaborating laboratory highlight the unique mechanical properties of rhTE; electrospun rhTE scaffolds display much lower stiffness and higher elastic moduli than electrospun collagen scaffolds. 27 Considering the elastic nature of the integument (as well as many other tissues and organs), the use of rhTE in a wound dressing may be superior to collagen-based scaffolds for long-term use, especially when the said scaffold is intended to integrate with the host tissue for long-term tissue regeneration. A tropoelastin-based scaffold also may persist in the scar tissue and enhance the strength and elasticity of the healed scar. Additional research on the quality of a scar formed in the presence of this substrate is warranted.
The properties of a delivery substrate affect stem cell lineage differentiation. Previous research has shown that type 1 collagen-based materials induce osteogenic 28, 29 and chondrogenic 30 differentiation of various stem cell types. This is an undesirable effect for the healing or regeneration of nonosteogenic or non-chondrogenic tissues. This does not imply that rhTE would be superior to collagen for lineage induction of therapeutic stem cells. More research is required to determine the effects of rhTE upon lineage differentiation of ADSCs, as well as other stem cell lines. The use of collagen in a therapeutic stem cell delivery vehicle may also be contraindicated for use in other organ systems, where excessive collagen deposition or collagen-mediated thrombogenicity contributes to a pathologic state. For example, in a postinfarcted heart, necrotic myocardium is replaced with collagen-based scar tissue, decreasing elasticity, and inhibiting diastolic function. 31 Thus, the administration of additional collagen proteins via a stem cell delivery vehicle may be counterproductive. To this point, in two recent studies using a rat myocardial infarct model, hearts treated with stem cells genetically modified to overexpress tropoelastin significantly attenuated scar development, preserved the integrity of the ECM, reduced ventricular dilation, and increased ejection fraction compared to controls. 31, 32 It is not unreasonable to propose that the benefits of tropoelastin in tissue engineering and regeneration have only begun to be discovered. In the ongoing quest to synthesize dermal substitutes in vitro, inclusion of this pivotal protein is certainly warranted. Additionally, further elucidation of tropoelastin's chemokine/matrikine properties, particularly in relation to lineage induction of therapeutic stem cell lines, is expected to reveal further intriguing findings. Of paramount importance, however, we truly hope that further research on tropoelastin, therapeutic stem cells, and ECM mimetics will ultimately lead to improved clinical therapies for victims of burns, severe dermal trauma, and other daunting pathologies.
LIMITATIONS OF THE CURRENT STUDY
In the current study, hADSCs alone, rhTE alone, and splinted wounds were not performed. Delivering hADSCs alone to wounds presents cellular retention challenges in the wound. Therefore, this treatment group was not enrolled in the current study. As a result, the specific role hADSCs play in the current study results cannot be determined. Likewise, without a separate rhTE treatment group, we are unable to attribute the role the scaffold alone is contributing in the current study; the reported results are instead due to a combination of rhTE scaffold and hADSCs. Careful interpretation is required surrounding the overall wound-healing results; we cannot separate out wound contraction and wound-healing contributions to the overall results. Because a splinting model was not used in the current study design, wound contraction due to the underlying subcutaneous panniculus carnosus layer in the mouse is most likely present along with wound healing events.
INNOVATION
This is the first report on the use of tropoelastinbased biomaterials as delivery vehicles for therapeutic ADSCs to treat full-thickness wounds. The mechanical and biochemical characteristics of tropoelastin can offer unique, beneficial properties to a healing wound bed. Current clinical therapies for the treatment of dermal wounds are limited in their ability, and not all wounds are successfully treated without scarring and/or appropriate aesthetic results. Therefore, there is a well established clinical need for continued improvement and innovation in this field.
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KEY FINDINGS
Electrospun tropoelastin membranes form stable structures that retain their integrity and strength in tissue culture medium.
These membranes can be populated in vitro by hADSCs. The cells rapidly proliferate on the scaffold and secrete an ECM that eventually covers the entire scaffold, including the cells.
The populated scaffold is well tolerated in a murine excisional wound model. Wounds treated with the ADSC-populated tropoelastin scaffolds displayed a significantly greater rate of closure and restoration of normal epithelium.
